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Coal nanopore structure is an important factor in understanding the storage and migration of absorbed gas in coal. A new method 
for studying coal nanopore structures is proposed. This idea is based on the nano-level resolution of atomic force microscopy, 
which can be employed to observe the structural features of coal nanopores clearly, conduct quantitative three-dimensional meas-
urements and obtain structural parameters. Analysis results show that coal nanopores are mainly metamorphic pores and intermo-
lecular pores. The metamorphic pores are commonly rounded and elliptical, increasing quantitatively with the coalification degree. 
The forms of intermolecular pores change markedly. The average pore size of low-rank coal is bigger than high-rank coal, and the 
number of intermolecular pores decreases as the coal rank increases. Section analysis effectively characterizes the coal pore mi-
crostructure, bearing analysis is a vital approach to measure microporosity, and grain analysis can be employed to study the pore 
size distribution. Atomic force microscopy is a tool for the in-depth research of coal pore microstructure and the coal-bed methane 
adsorption mechanism. 
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The characteristics of coal pores have attracted wide atten-
tion from scholars around the world because of the multiple 
needs of coal-bed methane exploration and development, 
and CO2 injection and underground storage. The pore 
structure and porosity of coal, which is a complicated and 
porous solid, affect not only the migration behavior of coal- 
bed gas but also its storage and adsorption mechanisms 
[1–7]. There are several categories of coal pore systems. 
Xodot used the diameter to classify pores as micropores 
(<0.01 μm), small pores (0.010.1 μm), mesopores (0.11 
μm) and macropores (>1 μm) [8]. Gan et al. [9] classified 
coal pores as micropores (0.41.2 nm), transitional pores 
(1.230 nm) and macropores (>30 nm). Zhang [10] divided 
coal pores into primary pores, metamorphic pores, epige-
netic pores and mineral pores according to scanning elec-
tron microscopy (SEM) and found that pore diameters were 
generally larger than 1000 nm. The features of these 
macropores are of great importance to free gas storage and 
migration; however, small pores and micropores, which are 
difficult to observe under normal microscopes and through 
SEM because their diameters are smaller than 100 nm, have 
an important role in adsorbed-gas storage and migration. 
Nowadays, methods of characterizing coal nanopore 
structure, pore size distribution, porosity and other fractal 
properties mainly comprise mercury porosimetry, use of the 
nitrogen adsorption isotherm, SEM, transmission electron 
microscopy, small-angle X-ray scattering and neutron scat-
tering analysis. Because of the compressibility of coal and 
the average pore sizes being of nanoscale, it is difficult to 
characterize pore size distribution and pore structure in 
depth with common methods such as quantitative measure-
ments of the nitrogen adsorption isotherm and mercury po-
rosimetry. Limited by resolution and other disadvantages, 
SEM can barely observe coal nanopores. Therefore, there is 
largely no existing measurement to directly observe the coal 
nanopore structure and quantitatively measure porosity. 
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Atomic force microscopy (AFM) is a tool for studying 
the microscopic world. Capable of using and measuring van 
der Waals forces, AFM is a new super-resolution near-field 
probe microscopic technique that can be applied to both 
conductors and insulators. Most existing indirect or calcula-
tion procedures estimate the internal surface structure of 
coal samples, and the images obtained by such methods are 
limited to two dimensions; moreover, little information is 
available for a polished surface. AFM can provide in situ, 
real-time, real-space and high-resolution images of the 
sample surface. AFM can also provide dynamic three-  
dimensional images of the sample surface and quantitative 
information [11,12] and thus transcends the planar imaging 
of other instruments. Compared with other current surface 
analysis techniques, AFM has the advantage of low re-
quirements for sampling procedures and working environ-
ment. As a tool for measuring the surface physical proper-
ties of various samples, AFM has been widely applied in 
materials science and life science [12–17]. 
Even though AFM is widely used in other fields, it has 
been employed in few studies on coal. Yumura et al. [18] 
observed the surface topography and characteristics of the 
coal pore structure employing AFM. Lawrie et al. [19] ex-
amined and analyzed the pore structure of coal macerals and 
were the first to use the section analysis technique of AFM 
to measure coal porosity. Cohen et al. [20] and Bruening et 
al. [21] observed the surface topography of vitrinite and 
inertinite in coal and analyzed the roughness and hardness 
of the maceral surface using the quantitative function of 
AFM. Golubev et al. [22] observed the supermolecular 
structure of natural bitumen and put forward the metamor-
phic evolution model. Additionally, Chinese scholars have 
tentatively used AFM to observe the coal surface structure. 
Yang et al. [23] observed anthracite by AFM and prelimi-
narily obtained high-quality images of the coal surface. 
Chang et al. [24] conducted a preliminary AFM observation 
of the pore structure of the coal surface. Liu et al. [25] quan-
titatively measured the surface characteristics and roughness 
of superfine pulverized coal particles of different diameters. 
Even though the observing range of AFM is limited, primi-
tive observations of the coal pore structure show the great 
potential of AFM applications [13–15]. This paper describes 
the employment of AFM technology in research on coal 
nanopores. Possessing the unique advantage of high-   
resolution imaging and various quantitative analyses, AFM 
is used to observe the coal pore structure of different coal 
ranks and analyze the pore size distribution and porosity 
quantitatively to provide scientific evidence for the adsorp-
tion mechanism of coal-bed methane and prediction of coal- 
mine gas outbursts. 
1  Samples and methods 
A NanoScope III atomic force microscope manufactured by 
Digital Company (Santa barbara, California, USA) was 
used in the experiment. The maximum scanning range was 
90 μm × 90 μm × 5 μm and the maximum resolution was 
0.2 nm horizontally and 0.03 nm vertically (mica calibra-
tion). A microcantilever tip was used. As the force sensor 
contacts and undulates with the sample surface when de-
tecting, the distance between the tip and the sample surface 
is of nanometer scale. If the undulation of the measured 
sample surface goes beyond that of the force sensor, the 
system cannot scan normally and there is even the possibil-
ity that the tip will be damaged [26]. Therefore, the AFM 
requires the sample surface to be as smooth as possible. A 
natural surface with possibly greater smoothness or a milled 
surface should be prepared for AFM scanning. In this paper, 
the samples were cut or ground into slices with an approxi-
mate area of 1 cm2, and then both the observation plane and 
backside were milled finely to ensure smoothness. Before 
observation, anhydrous ethanol was used to remove any 
impurities adsorbed on the sample surface. The contact 
mode, which provides stable and high-resolution imaging, 
was employed in our experiment. The scanning data were 
processed and analyzed with NanoScope III Version 
5.12b48 software [11]. 
The experimental samples were mainly bituminous coal 
and anthracite taken from the Pingle Depression in Jiangxi 
Province, China. More information on the samples is pre-
sented in Table 1. 
2  Results and discussion 
2.1  Features and structure of pores 
Figure 1 shows AFM images of coal surfaces of different 
coal ranks. Figure 1(a) is the three-dimensional image of a 
wide scanning range (5 μm × 5 μm) of the low-rank gas 
coal surface. In Figure 1(b), the range is 2 μm × 2 μm, and 
the features of the nanopores are clear. The most common 
pore shape is rounded followed by elliptical, with all pores 
having smooth walls and clear outlines. Pores are mainly 
mesopores (>100 nm), which are isolated or linked with 
cracks. Nevertheless, there are only a small number of scat-
tered mesopores on the coal surface, while small pores and 
micropores are not well developed either. Figure 1(c) is the 
AFM image of the high-rank anthracite surface. The coal 
surface is mainly covered by small pores and micropores 
although there are also other differently sized pores present. 
Comparing with the low-rank gas coals, there are many  
Table 1   Characteristics of experiment samples 
Sample Sampling sites Ro (%) Geological age Coal rank 
Spm Jiangxi Leping 0.67 P3l Gas coal 
CX Zhejiang Changxing 0.72 P3l Gas coal 
Qs Jiangxi Pingxiang 2.47 T3a Anthracite 
SX Jiangxi Fengcheng 4.34 T3a Anthracite 
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Figure 1  AFM images of nanopores in coal. (a) Microcracks and pores in 
coal; gas coal, Changxing, Zhejiang Province, P3l. (b) Same as (a) but for 
mesopores and small pores in coal. (c) A large number of micropores in 
coal; anthracite, Pingxiang, Jiangxi Province, T3a. (d) Irregular-shaped 
micropores in coal; anthracite, Fengcheng, Jiangxi Province, T3a. Figures 
(e), (f), (g), and (h) are successively partially enlarged views of sample QS. 
X stands for the graduation of x-axis (level axis), while Z stands for the 
graduation of z-axis (vertical axis). X and Z stand for the same meaning 
hereafter. 
more micropores on the coal surface. Figure 1(e)–(h) is en-
larged series of zoomed-in images of an anthracite sample 
taken by AFM. In the large-scale images, only the features 
of the cracks and the mesopores can be observed. Zooming 
in gradually, the complex microtopography of the coal sur-
face is revealed, and many small pores and micropores are 
clearly exposed. These pores are mainly rounded, while 
there are also irregular pores such as elliptical, pear-shaped, 
and lunate-shaped pores (Figure 1(c)–(h)) [13,27]. As 
shown in Figure 1(d), a pore has a curved edged, with coal 
microparticles within. Several micropores can connect to 
form larger irregular-shaped pores or beaded microfissures 
(Figure 1(c), (f), (g), (h)). The appearance and occurrences 
of pores indicate that most of these pores are metamorphic 
[10] or thermogenic [9]. Loucks et al. [28] observed na-
nopores in the grains of organic matter in Barnett shale em-
ploying SEM and found that a single grain of organic matter 
could contain hundreds of pores with porosity up to 20.2%. 
The intraparticle organic pores mostly have irregular or el-
liptical cross sections and ranged between 5 and 750 nm in 
width (the median pore size is about 100 nm). According to 
these observations, the intraparticle organic pores, which 
are equivalent to metamorphic pores or thermogenic pores 
previously described, are considered to be related to thermal 
maturation. The figure reveals that pores in low metamor-
phic bituminous coal are usually isolated without obvious 
connections (Figure 1(a), (b)). There are more anthracite 
micropores present in an irregular network than those in 
low-rank coals (Figures 1(c), (d)). Quantitative analysis 
shows that the pore density is 5.33 × 105/mm2 in gas coal 
(sample Spm) and 2.57 × 106/mm2 in anthracite (sample QS) 
(Table 3), indicating that with the increase in coal rank, the 
metamorphic porosity of coal increases [29–31]. Coal 
metamorphism is a process in which the polycyclic aromatic 
system increases the condensation degree under the effect of 
temperature and pressure, decreasing and shortening the 
side chains gradually at the same time and resulting in a 
gradual increase in the aromatization degree. Metamorphic 
pores form during the hydrocarbon generation and concen-
tration process in coal metamorphism. Moreover, quantita-
tive analysis results indicate that the observed pores are 
mostly metamorphic pores. Because coal nanopores greatly 
affect gas adsorption, many scholars have investigated pore 
characteristics of coal such as pore volume, pore-throat dis-
tribution, and pore structure. However, the classification of 
coal pores is based on a mercury ejection curve or nitrogen 
adsorption isotherm [27,32], and the coal pore morphology 
is indirectly inferred. Using AFM, the morphology and dis-
tribution of various types of pores that support coal pore 
classification with vital evidence are revealed directly, 
providing a crucial reference for the geometric study of the 
coal pore structure. 
Figure 2 presents high-resolution images of gas coal and 
anthracite; the range is 500 nm × 500 nm (Figure 2(a), (c)) 
and 125 nm × 125 nm (Figure 2(b), (d)). Low-rank coal has 
a loose grid structure, while anthracite has a tight grid array 
structure. This grid structure of alternating light and dark 
surface characteristics might be the result of the close pack-
ing of large molecules [23], and the main outline of the grid 
structure may be constituted by a macromolecule in the 
form of ‘nanowires’. The light spot on the nanowire (the 
green protrusion of the surface in the two-dimensional im-
age) may be the location of complicated macromolecular 
compounds containing different kinds of aliphatic and non 
aliphatic functional groups. These compounds with bridge 
bonds are mainly derived from the lignin condensed aro- 
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Figure 2  AFM image of molecular pores in coal. (a) Coal macromolecules are arranged as a loose grid structure; the green protrusion of the surface is a 
‘nanowire’ of coal macromolecules; the dark red depression between adjacent nanowires is an intermolecular pore; gas coal, Leping, Jiangxi Province, P3l.  
(b) The grid array structural features of the closely packed accumulation of coal macromolecules; anthracite, Pingxiang, Jiangxi Province, T3a. (c) Same as  
(a) but a three-dimensional image. (d) Same as in (b) but a three-dimensional image. 
matic nucleus. The dark area between the adjacent nan-
owires (the dark red depression in the two-dimensional im-
age) may be pores between the skeletons in the polymer 
main chain [12,15,22,23]. The intermolecular pores of gas 
coal are mainly rounded and elliptical, with a short-axis 
diameter range from 2 to 7 nm and an average of around 3.5 
nm; the long-axis diameter varies greatly, occasionally 
reaching the size of mesopores. Because of the close pack-
ing of macromolecules in the anthracite, the grid spacing 
reduces greatly, and the pore space between macromolecu-
lar chains is severely compressed in anthracite compared 
with that in gas coal. However, pore structure exists in the 
skeletons of the polymer main chain (Figure 2(d)), which 
may result from the rupture of the branched chain and the 
dropout of functional groups in the main chain during coal 
metamorphism. The small pores or micropores are mainly 
elliptical or elongated with short axis diameters less than 10 
nm. The properties of the coal macromolecular structure 
determine the development of micropores in coal. The 
structural unit of low-rank coal has numerous side chains 
and functional groups, usually with low aromaticity. More-
over, the radius of the low-rank coal molecules is large with 
the loose packing of macromolecules, the combination of 
structural units is not compact, and the pores between the 
molecules are well developed. The AFM images of gas 
coals reveal a loose arrangement of macromolecules, which 
leads to well-developed intermolecular pores between the 
macromolecular chains [10]. The intermolecular pores be-
tween the molecule chains are a result of the polycondensa-
tion of the gelling organic matter during coalification. The 
structure of high-rank coals has a smaller molecular radius, 
a high degree of aromatization and dense accumulation of 
macromolecules as a result of a great loss of side chains and 
functional groups. AFM shows that the intermolecular pores 
have decreased in number and that some have changed into 
fairly large micropores and small pores. 
The intermolecular pores in the low-rank coal were 
thought to be larger than those in the high-rank coal by 
Zhang et al., and as the coal rank increases, the intermolec-
ular pores could slowly evolve into molecular structured 
pores [10]. The structural units of anthracite macromole-
cules have been suggested to start to ‘crystallize’ because of 
the overlapping actions [33], resulting in a sharp drop in the 
number of pores in coal. All these considerations suggest 
that with an increase in coal rank, the arrangement of the 
macromolecules in coal becomes tighter, the molecular 
chains are squeezed, and the pores between molecules 
gradually decrease in size. 
2.2  Pore size distribution and porosity analysis 
AFM can determine the surface nature of samples under 
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contact mode employing several methods such as section, 
grain and bearing analyses [11,21]. Section analysis ana-
lyzes a profile of the scanning area of the sample, revealing 
the undulating vertical distance and surface roughness along 
the section, and thus measures the diameter and depth of 
pores. In terms of the accessibility to measure the pore area 
and grain area of coal, grain analysis is a fast and efficient 
method for determining pore size distribution. Bearing 
analysis characterizes the surface nature and pore/grain dis-
tribution of different heights of the scanned area (to calcu-
late the grain (non-pore) area and area/pore ratio above or 
below the selected height) and thus measures areal porosity. 
Figure 3 shows a large number of micropores with vari-
ous shapes in the anthracitic samples; however, we could 
only observe the qualitative pore morphology and compare 
relative pore size from the image. Figure 4 is the section 
analysis of Figure 3(a); the direction and length of the sec-
tion is marked in Figure 3(a). The diameter and depth of 
pores in the section can be measured in Figure 4, which 
shows that the largest pore in the section has a diameter of 
354.4 nm and pore depth of 13.5 nm, while the smallest 
pore has a diameter of 33.2 nm and depth of 1.6 nm. 
The No. 7 pore is the median pore in the section and has 
a diameter of 59.7 nm and depth of 3.3 nm. Among the 10 
pores in the section, only one is a mesopore while the others 
are either micropores or small pores with a diameter less 
than 100 nm and depth less than 10 nm. Further statistics on 
the 6380 pores in the 500 μm length section indicate that 
there are 5227 micropores and small pores, accounting for 
83.5% of all pores, with micropores being the main pore 
type in anthracite. The image of the pore appearance (Figure 
3) shows the pore wall is generally smooth and rounded; 
however, the section analysis shows the structure of mi-
cropores is complex, as the pore wall of the pores irregular-
ly undulates. 
Figure 5 is a fracture cross-section. The whole figure has 
an area of 2.994 μm2, while the area of the smallest pore is 
381.47 nm2 and the average pore area is 54540 nm2. The 
total pore area and the areal porosity above the datum plane 
are 6.752 μm2 and 6.752%, respectively (Table 2). Because 
the scanning area is limited in the bearing and grain anal-
yses of one AFM image, increasing the analyzed area obvi-
ously enhances the representativeness of the sample; much 
data should be used in AFM grain and bearing analysis to  
 
 
Figure 3  Appearances of differently sized pores in coal. (a) Anthracite, Pingxiang, Jiangxi Province, T3a; (b) magnification of the rectangular area indi-
cated in (a). 
 
Figure 4  Section analysis of AFM (the section is indicated in red in Figure 3(a)). 
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Figure 5  Analysis of pore diameter (anthracite, Jiangxi Pingxiang, T3a). (a) Pore distribution; (b) section analysis of line AB in (a). 
quantitatively study the pore structure. The quantitative 
analysis of the pore nature of relatively large areas is pre-
sented in Table 3. The statistical data of the scanning area 
(Table 3) imply that the pore number in anthracite is five 
times that in gas coal, and the areal porosity of anthracite is 
also higher; however, the average pore size in anthracite is 
obviously smaller than that in gas coal, indicating greater 
numbers of micropores, small pores and mesopores and 
greater areal porosity in anthracite. The hydrocarbon gener-
ation of coal with an increase in coalification degree (ma-
turity) could account for the increase in pore size and has 
been presented by other scholars [29–31,34,35]. Hover et al. 
[36] employed transmission electron microscopy to observe 
organic matter in low metamorphic shale, finding no na-
nopores. Loucks et al. [28] employed SEM to study Barnett 
shale, discovering large numbers of nanopores in macerals 
of the samples with Ro ranging from 1.3% to 1.6%. Em-
ploying AFM to quantitatively analyze pores requires com-
plicated statistics; however, direct observation and quantita-
tive analysis gives AFM a unique advantage. Analyzing the 
pore size and porosity of coal by AFM is a rapid, conven-
ient, and quantitative new method that is also important to 
theoretical and applied research on the pore structure of 
unconventional gas reservoirs such as shale and tight sand-
stone [37,38]. 
3  Conclusions 
AFM, which can be employed to visually observe the pore 
microstructure of coal, obtains three-dimensional images 
that dynamically show the pore and fracture distribution in 
coal and quantitatively measures coal nanopores in different 
planes and various angles. AFM thus promotes research into 
pore microstructure at a molecular level and provides a new 
method for research on pore microstructure, the pore size   
Table 2  Analysis of pore diameter and bearing analysis of anthracite in Figure 5 (Sample QS) 
Analysis of automatic pore identification 
Quantitative analysis of selected pore 
Pore No. Area of pore (nm2) Pore No. Area of pore (nm2) 
Total pore account 77 1 138092 7 2629 
Average area of pores (nm2) 54540  2 2890 8 100571 
Area of the smallest pore (nm2) 381.47 3 188827 9 2044 
Area of the largest pore (μm2) 2.994 4 59890 10 40054 
Total area of pores (nm2) 6752000 5 75531 11 2994000 
Areal porosity (%) 6.752 6 57056   




Average area of pores 
(nm2) 
Area of the smallest 
pore (nm2) 
Area of the  
largest pore (nm2) 
Total area of pores 
(μm2) Areal porosity (%) 
Spm 5.33×105 71816 167 12260000 1915 3.83 
CX 5.55×105 74829 132 99280000 2090 4.18 
QS 2.57×106 23871 56 4285000 3075 6.15 
SX 3.32×106 19441 48 5521000 3230 6.46 
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distribution, porosity and other parameters of a coal reser-
voir. Our research shows that section analysis effectively 
characterizes the pore microstructure of coal, bearing analy-
sis is important to the characterization of microporosity, and 
grain analysis could be employed to study the pore size dis-
tribution. Nanopore research employing AFM can provide 
more detailed information for the further study of the 
coal-bed methane-absorption mechanism and new methods 
for further research of other unconventional gas reservoirs, 
such as the microstructural study of shale gas reservoirs. 
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